Long-term exposure to traffic-related air pollutants (e.g., nitrogen dioxide and particulate matter) has been consistently linked to an increased rate of cardiovascular disease (CVD) mortality (1) (2) (3) (4) . There is also growing evidence linking nitrogen dioxide, a common marker of traffic-related air pollution (3) , to the development of major CVDs, such as congestive heart failure (CHF) (5) and acute myocardial infarction (AMI) (6) (7) (8) (9) . Recently, there has been rising attention to the impacts of ultrafine particles (UFPs), defined as particles less than or equal to 0.1 μm in diameter, which are contributed substantially by diesel vehicles in proximity to major roads (10) . It has been hypothesized that the health effects of UFPs might differ from those of particulate matter and nitrogen dioxide due to their small size and large surface area.
A handful of studies on short-term exposure have found positive associations between UFPs and daily mortality and rates of hospitalization due to CVD (11) (12) (13) (14) . However, less is known about the impact of long-term exposure to UFPs because of the difficulties involved in characterizing spatial contrasts in population exposures to UFPs over a long period of time (10, 15, 16) . To date, only 1 cohort study has been conducted to investigate the association of long-term exposure to UFPs with CVD events, and the researchers found a 10% (95% confidence interval (CI): 2, 18) increased rate of mortality from ischemic heart diseases related to chronic UFP exposure (17) .
Given the considerable health burden of CHF and AMI worldwide (18, 19) and current uncertainties regarding the role of UFPs in the development of these 2 conditions, we conducted a population-based cohort study in Toronto, Ontario, Canada, to evaluate incidence of CHF and AMI in association with longterm exposure to UFPs. We also investigated the associations with nitrogen dioxide for comparison.
METHODS

Study population
This study used the Ontario Population Health and Environment Cohort, which comprised all Canadian-born adults who resided in Ontario and were registered with Ontario's provincial health insurance plan on April 1, 1996 (20) . It was established through record linkage of population-based health administrative databases. In Ontario, hospital, laboratory, and physician services are funded by the provincial government through a single-payer universal health-care system that covers virtually all residents (20) .
We included all residents of Toronto, who were followed until December 31, 2012, for determination of incident cases of CHF and AMI. We restricted our cohort to persons who, at baseline, were aged 30-100 years (21, 22) , had been living in Toronto for at least 3 years prior to cohort entry, and had no history of physician-diagnosed CHF or AMI (i.e., prevalent cases).
The Research Ethics Board of the University of Toronto approved the study.
Outcome assessment
We ascertained incident physician-diagnosed cases of CHF and AMI during the study period (1996-2012) using the Ontario Congestive Heart Failure Database and the Ontario Myocardial Infarction Database, respectively. The CHF database was created using hospital discharge abstracts from the Canadian Institute for Health Information's Discharge Abstract Database, physician service claims from the Ontario Health Insurance Plan database, and the National Ambulatory Care Reporting System (23) . Any person who had either 1 hospital admission with a CHF diagnosis or a physician claim with a CHF diagnosis followed within 1 year by a second record with a CHF diagnosis from any source was considered an incident case of CHF. The AMI database was created using hospital discharge abstracts from the Canadian Institute for Health Information database (24) . Incident AMI was defined as having at least 1 hospital admission for AMI and having had no hospital admissions for AMI in the previous year (International Classification of Diseases, Ninth Revision, and International Classification of Diseases, Tenth Revision diagnosis codes are listed in Web Table 1 (available at https://academic.oup. com/aje)).
To ensure that only first-ever cases of CHF and AMI were captured, we excluded patients who had a previous history of AMI or CHF prior to baseline in 1996. The estimated annual incidence rates of CHF and AMI were approximately 4 per 1,000 participants and 3 per 1,000 participants, respectively (20, 25) , which are similar to those in the United States and Europe (26, 27) .
The algorithm for the CHF definition has been previously validated through chart review and has been found to have a sensitivity of 85% and a specificity of 97% (23) . Similarly, a previous study has shown high accuracy of coding of AMI, with a sensitivity of 89% and a specificity of 93% (24) . Once people have been included in these 2 databases, they remain in them until death or termination of Ontario health insurance.
Furthermore, we a priori ascertained comorbid conditions which have been previously related to individual-level lifestyle (6, (28) (29) (30) on the basis of hospitalization and physician claims data (see Web Appendix 1). These conditions included hypertension, diabetes, chronic obstructive pulmonary disease, asthma, and cancer. All data sets were linked using unique encoded identifiers and analyzed at the Institute for Clinical Evaluative Sciences.
Air pollution exposure estimates
Residential exposures to UFPs were derived using a landuse regression (LUR) model that was developed using mobile monitoring data collected in Toronto for 2 weeks in the summer (September 2010) and 1 week in the winter (March 2011) (31, 32) . Briefly, real-time ambient UFPs at 1-second resolution were monitored using 3 separate vehicles equipped with rooftop monitoring devices (TSI model 3007; TSI Inc., Shoreview, Minnesota) (31) . In total, data on 405 road segments were included in model development. The LUR model included terms for the logarithm of distances to highways, major roads, the central business district, Toronto Pearson International Airport, and bus routes, as well as variables for the numbers of onstreet trees, parks, and open spaces and the length of bus routes within a 100-m buffer (Web Table 2 ). The final model explained 67% of the spatial variation in mean UFPs.
We also estimated residential exposures to nitrogen dioxide using a LUR model derived from an intense campaign of measurement of ground-level nitrogen dioxide concentrations conducted in the City of Toronto (33) . Nitrogen dioxide samples were collected over a 2-week period using duplicate 2-sided Ogawa passive diffusion samplers (Ogawa & Company, Pompano Beach, Florida) at 95 locations across Toronto. The sampling campaign was conducted over the course of 2 seasons, one in the fall (September 2002) and the other in the spring (May 2004). The R 2 value for the final regression model was 70%.
We assigned estimates of concentrations of UFPs and nitrogen dioxide to the centroid of each subject's annual 6-character residential postal code for each year during follow-up between 1996 and 2012 (20) , accounting for residential mobility. We calculated 3-year moving averages of estimated concentrations of UFPs and nitrogen dioxide, beginning from 1996. For example, a subject's moving window of exposure for 1998 was estimated as the mean of the exposures assigned to that subject's postal codes over the 3 years from 1996 to 1998 (see Web Appendix 2).
Covariates
We extracted data on age, sex, and the 5 selected comorbid conditions at baseline. Indicators for neighborhood-level socioeconomic status, including the proportion of recent immigrants, the proportion of the population aged ≥15 years who had not completed high school, the unemployment rate, and mean annual household income, were also derived using 1996, 2001, and 2006 Canadian census tract data.
To investigate whether exposure to fine particles, defined as particulate matter with an aerodynamic diameter less than or equal to 2.5 μm (PM 2.5 ), might account for any observed associations of UFPs/nitrogen dioxide with AMI/CHF, we derived estimates of ground-level PM 2.5 concentration from satellite observations (34) . The estimates of PM 2.5 exposure were available on a grid with a spatial resolution of approximately 1 km × 1 km (see Web Appendix 3).
Given that residential exposure to traffic-related noise has been associated with changes in blood pressure and adverse CVD outcomes (35, 36) , we obtained data on traffic-related noise at the postal code level in Toronto (37) (see Web Appendix 4).
Statistical analyses
We used random-effects Cox proportional hazards models (38) to estimate associations between UFPs and nitrogen dioxide exposure and incident CHF and AMI. Random effects were represented by neighborhoods (n = 140). The neighborhoods were defined on the basis of Statistics Canada census tract boundaries. Each neighborhood is comprised of 2-5 census tracts, with a minimum population of 7,000-10,000. Previous studies suggested that lack of statistical control for spatial covariates may bias estimates of air pollution-health associations and underestimate standard errors (39) .
All models stratified by 1-year age group and sex. The 3-year moving averages of exposure were fitted in models as timedependent variables. Subjects were censored at the time of the adverse health outcome or if they reached the end of followup (December 31, 2012), became ineligible for provincial health insurance, or died. We first estimated hazard ratios in singlepollutant models that adjusted for the neighborhood-level factors, followed by additional adjustment for comorbidity. To differentiate the roles of multiple air pollutants (UFPs, nitrogen dioxide, and PM 2.5 ), we also developed 2-and 3-pollutant models that adjusted for all available covariates. Hazard ratios and 95% confidence intervals were calculated for an interquartile-range increase in the ambient concentration of UFPs or nitrogen dioxide. We tested for effect modification by age, sex, and comorbidity.
We performed several sensitivity analyses by: 1) considering mean annual exposures to each pollutant during other time windows, including 1, 2, and 5 years before an incident event; 2) restricting the analysis to participants who had lived at their baseline address for more than 5 years prior to cohort entry; 3) adjusting for a linear term for time to account for potential changes in the diagnosis and incidence of AMI and CHF over time; and 4) adjusting for residential traffic-related noise exposure. Lastly, we indirectly adjusted for potential confounding by smoking habits and obesity, 2 major CVD risk factors (40, 41) , using a recently developed method (42) . This method requires spatial associations between the unobserved and observed variables from an auxiliary data set (see Web Appendix 5).
Statistical analyses were performed using SAS 9.4 (SAS Institute, Inc., Cary, North Carolina) and the coxme library in R 3.0.0 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Of the 1,135,817 participants with complete information for all variables, we excluded 23,757 (2.1%) and 8,608 (0.8%) persons who had CHF and AMI at baseline, respectively. This left a total of 1,112,060 eligible participants in the CHF cohort and 1,127,209 in the AMI cohort ( Table 1 ). The mean ages of the 2 cohorts at baseline were approximately 51 years. We identified 106,644 incident cases of CHF and 43,745 incident cases of AMI from 1996 to 2012. Compared with the entire cohort, patients diagnosed with the 2 conditions were older and had a higher prevalence of selected comorbid conditions.
The mean annual concentration of UFPs at the baseline residence was approximately 28,450 particles/cm 3 ( Table 2 ). The mean annual concentrations of nitrogen dioxide and PM 2.5 were 21.4 parts per billion (ppb) and 10.7 μg/m 3 , respectively. Exposures to UFPs and nitrogen dioxide were weakly correlated (Pearson correlation coefficient: r = 0.24). Exposure to PM 2.5 was also weakly correlated with exposure to UFPs (r = −0.08) and nitrogen dioxide (r = 0.18). Table 3 shows adjusted hazard ratios and 95% confidence intervals for interquartile-range increases in UFP exposure and nitrogen dioxide. Individually, both UFPs and nitrogen dioxide were positively associated with incidence of CHF and AMI in the models that stratified by age and sex. Further adjustment for neighborhood-level covariates and comorbid conditions (fully adjusted models) led to slightly attenuated associations. In these models, the estimated hazard ratios for incident CHF and AMI corresponding to an interquartile-range increase in UFP exposure were 1.03 (95% CI: 1.02, 1.05) and 1.05 (95% CI: 1.02, 1.07), respectively. For nitrogen dioxide, the estimated hazard ratios for CHF and AMI were 1.04 (95% CI: 1.03, 1.06) and 1.01 (95% CI: 0.99, 1.03), respectively. We found no associations between PM 2.5 and incident CHF or AMI, which may be related to limited spatial variation in ambient PM 2.5 in Toronto (Web Table 3 ).
In the multipollutant models adjusting for PM 2.5 and nitrogen dioxide, exposure to UFPs remained positively associated with AMI (hazard ratio (HR) = 1.05, 95% CI: 1.02, 1.07) and CHF (HR = 1.02, 95% CI: 1.00, 1.03) (Table 3) . Similarly, adjustment for UFPs and PM 2.5 did not materially change the estimated associations of nitrogen dioxide with incident CHF and AMI.
In the stratified analyses, we found significant effect modification by age for the associations of CHF incidence with UFPs and nitrogen dioxide (Web Tables 4 and 5 ). There was a stronger association with UFPs among subjects younger than age 60 years (HR = 1.06, 95% CI: 1.03, 1.09) as compared with those aged 60-74 years (HR = 1.01, 95% CI: 1.00, 1.03) and those aged 75 years or more (HR = 1.02, 95% CI: 1.01, 1.04) (P = 0.023). Similarly, we found a heightened association of CHF with nitrogen dioxide among people younger than age 60 years (HR = 1.09, 95% CI: 1.07, 1.11) as compared with those aged 60-74 years (HR = 1.05, 95% CI: 1.03, 1.06) and essentially no impact among persons aged 75 years or more (HR = 1.00, 95% CI: 0.98, 1.02) (P < 0.0001). Additionally, we observed that nondiabetic subjects had a higher risk of incident CHF in association with UFPs than persons with diabetes (P = 0.01).
In the sensitivity analyses, consideration of 3 other time windows of exposure to UFPs and nitrogen dioxide did not materially alter the results (Web Table 6 ). Additionally, the results remained virtually unchanged after restricting the data to subjects who had lived at their baseline addresses at least 5 years prior to cohort entry or adjusting for a linear term for time. Adjustment for traffic-related noise also had little influence on the magnitude of the estimated hazard ratios. We did not observe any associations between traffic-related noise and incident AMI or CHF (see Web Table 7 ). Lastly, indirect adjustment for smoking and obesity had little impact on the hazard ratios (the associations of smoking and body mass index with exposure to UFPs and nitrogen dioxide are presented in Web Table 8 ).
DISCUSSION
In this large cohort study in Toronto, the most populous city in Canada, long-term exposure to UFPs was found to be associated with increased incidence of both CHF and AMI. Adjustment for PM 2.5 and nitrogen dioxide had no influence on the association of UFPs with AMI, but it slightly attenuated the association of UFPs with CHF. This is probably due to the weak correlations of UFPs with nitrogen dioxide and PM 2.5 (see Web Appendix 6). Additionally, we observed a positive association between nitrogen dioxide and incident CHF, independent of UFPs and PM 2.5 . No strong evidence was found between nitrogen dioxide and incident AMI.
Epidemiologic evidence of the potential health impacts of chronic exposure to UFPs is sparse (10, 15, 16) . To date, only a single cohort study (the California Teachers Study) has investigated the association between CVD events and chronic exposure to UFPs, using UFP data developed through a chemical transport model (17) . In that study, the increased rate of mortality from ischemic heart disease was associated with long-term exposure to the mass concentration of UFPs and several components of UFPs. Several previous studies investigating associations with short-term exposure to UFPs also linked day-to-day variation in exposure to UFPs to CVD morbidity and mortality rates (11) (12) (13) (14) 43) . For example, in a study conducted in Rome, Italy, between 2001 and 2005, daily exposure to UFPs was related to a 2.4% increase in hospital admissions for CHF (95% CI: 0.2, 4.7) using a 5-day lag in exposure (12) .
There is emerging evidence that UFPs may rapidly reach the smallest airways and alveoli and further penetrate the alveolarcapillary membrane, and may eventually enter the systemic circulation (44-46). The possible mechanisms through which exposure to UFPs can heighten the risk of adverse CVD events may be related to its roles in decreasing the antiinflammatory capacity of plasma high-density lipoprotein and increasing systemic oxidative stress, which can affect the development of atherosclerosis (47) . Additionally, exposure to UFPs is associated with increased levels of plasma endothelin-2, which may lead to constriction of arteries and increases in blood pressure (48, 49) . Furthermore, carbon UFP exposure may trigger thrombogenesis (50) .
While a large body of evidence has associated short-term exposure to nitrogen dioxide with CHF-related mortality and hospitalization rates (51) , few studies have evaluated the association between chronic exposure to nitrogen dioxide and CHF. In this study, we found an association between long-term Abbreviations: AMI, acute myocardial infarction; CHF, congestive heart failure; PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 μm; UFPs, ultrafine particles.
a Fine particles were defined as PM 2.5 ; ultrafine particles were defined as particles less than or equal to 0.1 μm in diameter. b Distributions of annual concentrations of PM 2.5 and nitrogen dioxide for both the CHF and AMI cohorts at baseline were almost identical, because the absolute values of the concentrations of PM 2.5 and nitrogen dioxide were magnitudes smaller than the number of particles per cm 3 for UFPs. Abbreviations: AMI, acute myocardial infarction; CHF, congestive heart failure; CI, confidence interval; HR, hazard ratio; PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 μm; UFPs, ultrafine particles.
a Random-effects Cox proportional hazards models. b Adjusted for census tract-level percentage of recent immigrants, percentage of the population aged ≥15 years without employment, percentage of the population aged ≥15 years with less than a high school education, and annual household income.
c For CHF, we further adjusted for comorbid hypertension, diabetes, AMI, chronic obstructive pulmonary disease, asthma, and cancer. For AMI, we adjusted for comorbid hypertension, diabetes, CHF, chronic obstructive pulmonary disease, asthma, and cancer.
exposure to nitrogen dioxide and incident CHF after adjusting for UFPs and PM 2.5 (per interquartile-range increase (4 ppb), HR = 1.04). Our finding is in line with that of an English national cohort study (5) , which is the only study to date (to our knowledge) to have assessed the relationship between chronic nitrogen dioxide exposure and incident CHF. Those investigators reported that a 10.7-ppb increase in nitrogen dioxide exposure was related to increased CHF incidence (HR = 1.06, 95% CI: 1.01, 1.11) (5).
We also observed that the associations of CHF with UFPs and nitrogen dioxide were greater among persons under age 60 years than in those aged 60 years or more. A similar pattern has been reported in a handful of previous cohort studies, which showed increasing rates of CVD mortality in relation to longterm exposure to nitrogen dioxide or PM 2.5 as age decreased (22, 52, 53) . However, these findings are inconsistent with those of some studies that found a stronger association among the elderly (54, 55) and those that showed no apparent effect modification by age (29, 56) . Our finding might be explained by the reduced responsiveness to autonomic nervous system stimuli among older persons. It might be also be attributable to different time-activity patterns (e.g., time spent outdoors and means of transportation) between younger and older people (57, 58) . Furthermore, our finding may indicate that relatively young age might be etiologically more relevant for the impact of UFP and nitrogen dioxide exposure on increasing the risk of developing CHF.
A number of previous studies suggested that there were stronger associations of CVD mortality and incidence with PM 2.5 and nitrogen dioxide in patients with comorbid conditions such as diabetes or chronic obstructive pulmonary disease (28, (59) (60) (61) ), but we found no evidence of effect modification of the associations of UFPs and nitrogen dioxide with incident CHF and AMI by preexisting diabetes or chronic obstructive pulmonary disease. Given the high prevalence of these conditions, further studies to investigate the potential interaction between these conditions and UFPs/nitrogen dioxide in the risk of developing CHF and AMI are needed.
Long-term exposure to nitrogen dioxide was not found to be associated with AMI incidence in our study, as reported in several large cohort studies from Europe and the United States (5, 29, 54, 62, 63) . For example, investigators in the California Teachers Study (62) and the European Study of Cohorts for Air Pollution Effects (ESCAPE) (11 European cohorts) (54) reported weak positive but nonsignificant associations of nitrogen dioxide and oxides of nitrogen with AMI incidence. The finding that AMI incidence only increased in association with exposure to UFPs, not with exposure to nitrogen dioxide and PM 2.5 , in our study could be due to chance; however, it may also indicate that UFPs might have a greater impact (due to their small size and large surface areas) on the onset of AMI than nitrogen dioxide and PM 2.5 . Future experimental and epidemiologic studies are needed to confirm this observation.
To our knowledge, this is the first study to date that has examined associations between long-term exposure to ambient UFPs and the development of CHF and AMI. We derived UFP data using a LUR model which explains 67% of the spatial variation in ambient UFPs in Toronto. Another strength of our study was our ability to identify incident cases using provincewide registries and validated algorithms with high sensitivity and specificity. Additionally, we obtained a detailed residential history for each subject and assigned exposures to their residential postal codes for each year during follow-up. This accounted for residential mobility and reduced exposure misclassification. Furthermore, our study benefited from the use of Cox models containing random effects for neighborhoods. This method can help researchers to avoid underestimation of the standard errors of the fixed coefficients. Lastly, we adjusted for postal code-level traffic-related noise in a sensitivity analysis and found little change in the estimated associations. Few prior studies of the air pollution-health relationship have adjusted for residential traffic-related noise levels.
Several limitations of this analysis should be noted. First, our UFP and nitrogen dioxide exposure estimates from 1996-2012 were assigned using LUR models based on data collected from short-term intensive mobile monitoring campaigns. We were unable to evaluate patterns in UFP and nitrogen dioxide levels over longer periods because of technological challenges and high costs. However, previous studies have shown that traffic-related air pollution within large cities tends to remain constant over a long time period (approximately 10 years) (64, 65) . Therefore, we expect that the LUR models would reflect long-term spatial differences in exposure.
Second, we could not obtain information on time spent indoors and outdoors, indoor air pollution exposures, and occupation-related exposures, which is a limitation in large epidemiologic studies linking ambient air pollution data to health outcomes. However, previous studies have shown that indoor levels of traffic-related air pollution (e.g., nitrogen dioxide) exposure are strongly correlated with levels of outdoor exposure (66) . Furthermore, in a previous survey, Matz et al. (67) found that urban Canadians spend 70% of their time indoors at home. Therefore, we expect that it is reasonable to use spatially derived residential outdoor exposure as a surrogate for personal exposure to air pollution. Given the inherent imprecision of these spatially derived exposures, our estimated hazard ratios were probably subject to nondifferential misclassification bias.
Third, we were unable to obtain individual data on CVD risk factors such as smoking and obesity. To address the concern of residual confounding, we further adjusted for these 2 factors using an indirect method (42) ; the indirect adjustment did not alter our hazard ratio estimates. Additionally, we further adjusted for selected comorbid conditions which are likely to be closely correlated with smoking habits, diet, or obesity (28) (29) (30) , and found that the hazard ratios remained unchanged. However, despite the use of these methods, we were unable to completely rule out the possibility of residual confounding.
In conclusion, using data on a large cohort in Toronto, Ontario, Canada, we observed associations between long-term exposure to ambient UFPs and increased incidence of CHF and AMI. Long-term exposure to nitrogen dioxide was also linked to increased incidence of CHF but not of AMI. 
